The human airway trypsin-like protease modulates the urokinase receptor (uPAR, CD87) structure and functions. Am J Physiol Lung Cell Mol Physiol 292: L1263-L1272, 2007. First published January 19, 2007; doi:10.1152/ajplung.00191.2006.-The human airway trypsin-like protease (HAT) is a respiratory epithelium-associated, type II transmembrane serine protease, which is also detected as an extracellular enzyme in lung fluids during airway inflammatory disorders. We have evaluated its capacity to affect the urokinase-type plasminogen activator receptor (uPAR), a membrane glycolipid-anchored, threedomain (D1D2D3) glycoprotein that plays a crucial role in innate immunity and inflammation by supporting cell migration and matrix degradation, with structure and biological properties that can be regulated via limited endoproteolysis. With the use of immunoblotting, flow immunocytometry, and ELISA analyses applied to a recombinant uPAR protein and to uPAR-expressing monocytic and human bronchial epithelial cells, it was shown that exposure of uPAR to soluble HAT in the range of 10 -500 nM resulted in the proteolytic processing of the full-length (D1D2D3) into the truncated (D2D3) species, with cleavage occurring in the D1 to D2 linker sequence after arginine residues at position 83 and 89. Using immunohistochemistry, we found that both HAT and uPAR were expressed in the human bronchial epithelium. Moreover, transient cotransfection in epithelial cells showed that membrane coexpression of the two partners produced a constitutive and extensive shedding of the D1 domain, occurring for membrane-associated HAT concentrations in the nanomolar range. Because the truncated receptor was found to be unable to bind two of the major uPAR ligands, the adhesive matrix protein vitronectin and the serine protease urokinase, it thus appears that proteolytic regulation of uPAR by HAT is likely to modulate cell adherence and motility, as well as tissue remodeling during the inflammatory response in the airways.
sentially associated to a single, undescribed extracellular monomeric serine (Ser) proteinase with a molecular mass of ϳ27 kDa, named human airway trypsin-like protease (HAT). Subsequently, HAT was characterized as a membrane-spanning, 47-kDa single-chain protein, which can be proteolytically converted into a 27-kDa soluble species corresponding to the carboxy-terminal extracellular catalytic domain (39) . Although the latter shares a high homology with other trypsin-like Ser proteinases, the membrane-spanning noncatalytic domain of HAT displays a structure that relates HAT to the emerging family of type II transmembrane Ser proteinases (35, 39) . Within human tissues, so far only the airways, and more recently the skin, have been shown to express HAT (14, 37) . In the airways, HAT expression is restricted to the apical cilia layer of tracheobronchial epithelial cells (22, 37) . With regard to potential substrates and functions, HAT has been found to target extracellular proteins, both degrading fibrinogen and activating the zymogen pro-urokinase-type plasminogen activator (pro-uPA) (22, 41) , to induce IL-8 secretion by airway epithelial cells through activation of the proteinase-activated receptor (PAR)-2, as well as to stimulate mucin secretion by these cells (7, 22) . These in vitro effects of HAT have been found to occur for proteinase concentrations similar to those that have been measured in the sputum of patients with various inflammatory airway diseases, i.e., in the range of 5-40 nM for HAT activity (41) and 2-100 nM for the HAT antigen measured by ELISA (21) .
The urokinase-type plasminogen activator receptor (uPAR, CD87) is a highly glycosylated, glycosylphosphatidylinositol (GPI)-anchored cell membrane protein. It is made of three structurally homologous globular domains, named D1, D2, and D3 from the amino to the carboxy terminus of the molecule, each containing a conserved arrangement of disulfide bonds and separated by short interdomain linker sequences (27) . uPAR is present on the surface of many cell types, including monocytes and macrophages, polymorphonuclear neutrophils, vascular endothelial, smooth muscle, and epithelial cells, and is markedly overexpressed during inflammatory processes (4, 8, 33) . uPAR binds pro-uPA with high affinity, and the uPARbound Ser proteinase uPA efficiently catalyzes the activation of plasminogen into plasmin, which in turn activates a proteolytic cascade [including matrix metalloproteinases (MMP)], thus conferring to uPAR-expressing cells a high potential for pericellular proteolysis, ECM processing, and cell motility (4, 27) . uPAR participates in cell adherence and migration through other routes that include 1) its capacity to bind the ECM adhesive protein vitronectin (28, 30) , 2) its physical and functional interaction with various integrins (4, 15) , and 3) its capacity to expose an intrinsic, proteinase-regulated chemotactic epitope localized within the D1-D2 linker sequence (4) . In agreement with these properties, uPAR and the downstream plasminogen activation system are involved in the migration of both inflammatory leukocytes to sites of injury (11, 24) and epithelial cells, including those of the respiratory tract, during repair (6, 13, 17) .
Interestingly, uPAR is highly susceptible to endoproteolysis within the D1-D2 linker sequence, which contains cleavage sites for proteinases of the plasminogen activation cascade itself, i.e., uPA, plasmin, and various MMP (1, 3, 12) , but also for the inflammatory leukocyte Ser proteinases elastase and cathepsin G (2) . Because the D1 domain of uPAR plays a major role in the interactions of the receptor with its various ligands (27, 28) , its proteolytic shedding is thus a likely pathway for controlling pericellular proteolysis and cell adherence and migration (4, 28) . Along with this assumption, soluble uPAR species (suPAR), including the free D1 domain and truncated D2D3 forms, can be detected in the biological fluids of healthy individuals (31) , whereas suPAR concentrations are markedly increased in infectious and inflammatory disorders and can be of prognostic value for a negative outcome, including in lung diseases (25) .
In the scope of a growing interest for the (patho)physiological processes of the regulation of membrane receptor activity through proteolytic ectodomain shedding (10), we provide new insights on the putative functions of HAT, by establishing that this airway proteinase regulates human uPAR (h-uPAR), mostly through cleavage of the D1-D2 linker sequence and generation of truncated uPAR species of potential importance for the cell behavior under inflammatory conditions.
MATERIALS AND METHODS

Reagents and antibodies.
The glycosylated recombinant h-uPAR (Leu 1 -Arg 281 ), devoid of a carboxy-terminal GPI anchor, which is replaced by a polyhistidine tag (rhuPAR[His]6), was from R&D Systems (Minneapolis, MN). Bacterial phosphatidylinositol-specific phospholipase C (PI-PLC; 5,100 U/mg) and benzamidine were from Sigma-Aldrich (St. Louis, MO). FITC-conjugated human recombinant uPA was from American Diagnostica (Greenwich, CT), and purified human plasma vitronectin was from BioSource International (Camarillo, CA). The recombinant 27-kDa soluble, catalytically active HAT species was produced and purified as previously reported (22, 39) , with a specific activity of 30.6 U/mg, and was stored at Ϫ80°C in a 20 mM sodium phosphate buffer.
Antibodies used in this study were mouse MAbs 3931 (also referred to as IIIF10, against the uPAR D1 domain) and 3932 (also referred to as IID7, against the uPAR D2 domain) (20) Cell culture reagents were from GIBCO BRL (Paisley, Scotland), except for heat-inactivated FCS from Hyclone (Logan, UT). Chemicals for cell solubilization, SDS-PAGE, and protein transfer were essentially from Sigma-Aldrich or from Bio-Rad (Hercules, CA).
Cells. 16HBE14o Ϫ cells, hereafter designated as 16HBE cells, are human SV40-transfected bronchial epithelial cells (9) and were a gift from Dr. C. Gruenert (University of Vermont, Colchester, VT). Cells were cultured to confluence in 24-well plates; when needed, cells were surface biotinylated exactly as previously described (3). The U937 human promonocytic cell line (34) (CRL-1593.2; American Type Culture Collection, Manassas, VA) was differentiated into monocytes and macrophages by exposure to 15 nM PMA (Sigma-Aldrich) for 48 h at a density of 0.5 ϫ 10 6 cells/ml. Differentiated adherent U937 cells were recovered as described before, as was biotinylation of membrane proteins in some experiments (2) . The human embryonic kidney epithelial cell line 293T (HEK cells) was purchased from GenHunter (Nashville, TN). HEK cells were maintained in culture in DMEM containing 10% (vol/vol) FCS. It must be noted that tests to rule out the presence of mycoplasmal contamination in cultured cell lines were not performed.
Monocytes (purity Ͼ85%) were isolated from peripheral blood obtained from human volunteers with their informed consent (Etablissement Français du Sang, Paris, France), as previously described (2) .
Exposure of recombinant uPAR or uPAR-expressing cells to soluble HAT. rhuPAR[His]6 adjusted to 1 g/ml (ϳ20 nM) in HBSS either was mixed with varying concentrations of soluble HAT, for enzyme-to-substrate molar ratios (E/S) in the range from 0.5/1 to 25/1, or was left untreated as control. After incubation for 5-60 min at 37°C, the enzyme was neutralized by addition of 5 mM benzamidine, a Ser proteinase inhibitor that readily blocks HAT activity (40) . The samples were then processed for SDS-PAGE as previously described (2) .
16HBE cell monolayers covered with 200 l of HBSS containing CaCl2 and MgCl2, 1 mM each (HBSS-CaMg), or monocytic cells suspensions adjusted to 1 ϫ 10 6 cells/ml in HBSS received 10 -500 nM of soluble HAT, and incubation continued at 37°C for 5-60 min, before enzymatic activity was blocked with benzamidine as above. Alternatively, cells were incubated with 1 U/ml PI-PLC for 30 min under similar conditions. Extracellular fluids were collected and centrifuged at 18,000 g for 30 min at 4°C to eliminate cell debris. In some experiments, the extracellular fluids obtained from 16HBE cell monolayers exposed to PI-PLC were subsequently exposed to 50 -500 nM HAT for 30 min at 37°C before HAT was blocked by benzamidine. When needed, biotinylated 16HBE cell monolayers or monocytic cell pellets were solubilized at 4°C for 30 min in a radioimmunoprecipitation assay medium [150 mM NaCl, 25 mM HEPES, 5 mM EDTA, 0.1% (wt/vol) SDS, 1% (vol/vol) Nonidet P-40, 0.5% (wt/vol) deoxycholate, pH 7.5] containing a cocktail of protease inhibitors (1 mM PMSF, 10 M aprotinin, 5 mM benzamidine, 100 M leupeptin, 1.5 M soybean trypsin inhibitor, and 5 mM N-ethylmaleimide), before removal of insoluble material by centrifugation at 18,000 g for 30 min at 4°C. Protein concentration in the cell lysates was measured by the bicinchoninic acid protein assay (Pierce). Nonbiotinylated monocytic cells were resuspended at 1 ϫ 10 6 /ml in HBSS containing 0.5% (wt/vol) BSA (HBSS-BSA) and kept at 4°C until fluorescenceactivated cell sorting (FACS) analysis (see below).
Coexpression of membrane HAT and uPAR in HEK cells. The HEK cell line was used for transient coexpression of membrane HAT and uPAR. HAT and h-uPAR cDNAs were cloned into the pEF4/Myc-His A expression vector (Invitrogen, Carlsbad, CA) using BglII and NotI and EcoRI and NotI sites, respectively. For this, PCR primer sequences were as follows: for h-uPAR (accession no. NM_002659), h-uPAR-F0228(EcoRI) GGTT GAATTC GAC ATG GGT CAC CCG CCG CT and h-uPAR-R1126(NotI) GGTT GCGGCCGC GGG ATT TCA GGT TTA GGT CCA GAG G; for HAT (accession no. AB002134), HAT-F0059(BglII) GGTT AGATCT AAA ATG TAT AGG CCA GCA CGT GT and HAT-R1298(NotI) GGTT GCGGC-CGC CTA GAT CCC AGT TTG TTG CCT. The PCR fragment of h-uPAR cDNA was amplified from human lung cDNA (BD Biosciences Clontech, Palo Alto, CA), and the PCR fragment of HAT cDNA was amplified from human trachea cDNA synthesized with human poly(A ϩ ) RNA (BD Bioscience Clontech). The enzymatically inactive variant of transmembrane HAT cDNA was constructed by using PCR-based single base pair substitution at position 368, resulting in alanine for serine within the catalytic triad, and is designated hereafter as HAT-S368A. For this, PCR primer sequences were as follows: for HAT-S368A-F; AGG GTG ACG CTG GTG GCC CAC TAG TAC AAG; for HAT-S368A-R, GCC ACC AGC GTC ACC CTG ACA TGC GTC CAC.
Transmembrane HAT and GPI-anchored uPAR were coexpressed by transfection of the expression plasmids described above in the HEK cells. For this, cells were plated on two 12-well poly-D-lysinecoated plates (Becton Dickinson Labware, Bedford, UK) and grown to 90 -95% confluence. Cells were then transfected using Lipofectamine 2000 (Invitrogen) with 2 g of plasmids (1 g of uPAR together with 1 g of either active HAT or inactive HAT-S368A or with 1 g of an empty plasmid as control), according to standard procedures. After 4-h incubation with the transfection mix at 37°C in a CO 2 incubator, the medium was changed to 1 ml of DMEM containing 10% FCS, and cells were further incubated for 24 h, the period of time assigned to the experimental coexpression of uPAR with either active HAT or inactive HAT-S368A. Extracellular fluids were then collected and centrifuged at 18,000 g for 30 min at 4°C to remove nonsoluble material and kept at Ϫ80°C until either immunoblotting analysis or measurement of HAT activity (see Immunoblot analysis of recombinant, cellular, or suPAR). After removal of the culture fluids, cell monolayers were either surface biotinylated and solubilized in view of immunoblotting analysis of uPAR exactly as described above for the 16HBE cell line or washed with 1 ml/well PBS and then lysed by using the M-PER reagent (Pierce) (0.5 ml/well, 60 min at 4°C), before centrifugation at 18,000 g for 30 min at 4°C and storage of the cleared lysates at Ϫ80°C until measurement of the cell-associated HAT activity.
Measurement of HAT enzymatic activity. The HAT hydrolytic activity was measured essentially as previously described (40) . Briefly, cell lysates and extracellular culture fluids were diluted 20-and 10-fold, respectively, into a 50 mM Tris ⅐ HCl (pH 8) buffer containing 0.01% (wt/vol) BSA, whereas standard HAT samples were prepared by dilution of a stock solution of recombinant soluble HAT, for final concentrations in the range from 0.08 to 4 nM. Test samples or standard samples (40 l) placed into wells of a 96-wells plate were added with 20 l of a 0.3 mM solution of the fluorogenic substrate Boc-Phe-Ser-Arg-methylcoumarinamide (Peptide Institute, Osaka, Japan). Assay was continued for 5 min, and the fluorescence emitted by free aminomethylcoumarin was monitored at an excitation wavelength of 360 nm and an emission wavelength of 460 nm. HAT activity was expressed as the increase of fluorescence intensity per minute, and HAT molar concentration was then extrapolated from the curve derived from the standard HAT solutions.
Determination of cleavage sites for HAT within uPAR. RhuPAR[His] 6 (0.1 mg/ml, ϳ2 M) in HBSS was incubated overnight at 37°C with 10 nM of HAT (E/S ϭ 1/200) or left untreated as control. After protein separation by SDS-PAGE under reducing conditions, followed by transfer onto polyvinylidene fluoride membranes (Immobilon-P SQ ; Millipore, Bedford, MA), proteins were visualized by amido black staining, and those of interest were excised and subjected to aminoterminal microsequencing on an Applied Biosystem ABI 494 protein sequencer.
Immunoblot analysis of recombinant, cellular, or suPAR. Biotinylated cell membrane proteins were separated from nonbiotinylated proteins on NeutrAvidin-agarose beads (Pierce) as previously reported (2). rhuPAR[His] 6 (15 ng/lane), biotinylated cell membrane proteins (extracted from 5 or 10 g of total cell proteins/lane for the HEK and U937 cells or for the 16HBE cells, respectively), or proteins present in the extracellular fluids (30 or 40 l/lane, corresponding to the equivalent of 1, 2.5, or 20 g of total cell proteins, for the HEK, the U937, or the 16HBE cells, respectively), including the PI-PLCderived suPAR further exposed to HAT, were separated by SDS-PAGE under disulfide reducing conditions as previously described (2) . After SDS-PAGE, proteins were transferred to Immobilon-P polyvinylidene fluoride membranes, which were then blocked with dried skimmed milk and probed with a primary anti-uPAR MAb at the concentrations indicated. Bound antibodies were detected by an HRPcoupled second antibody with the HRP activity revealed by chemiluminescence using the enhanced chemiluminescence reagent kit (Amersham Biosciences, Little Chalfont, UK). Calibration for relative molecular mass determination was performed with the Kaleidoscope prestained or Precision Plus All blue standards (Bio-Rad).
Detection of suPAR by quantitative ELISA. The concentration of suPAR in cell-free 16HBE or U937 extracellular fluids was determined by a specific quantitative ELISA kit (Quantikine ELISA for h-uPAR, R&D Systems), according to the manufacturer's instructions. The lower detection limit of the assay is 62.5 pg/ml suPAR.
FACS analysis for binding of antibodies or uPA to monocytic cells. After exposure to HAT, U937 cells or blood monocytes were resuspended in fresh HBSS, distributed at 10 5 cells/well in conicalbottomed, 96-wells microplates (Nunc, Roskilde, Denmark), sedimented, and then immunolabeled for 1 h at 4°C in 0.1 ml of HBSS-BSA containing a primary anti-uPAR MAb at 5-10 g/ml. After samples were washed, immunofluorescence staining and FACS analysis then proceeded at 4°C exactly as described before (2), using a FACScan cytometer (Becton Dickinson, Franklin Lakes, NJ). For FITC-uPA binding assays, cells were resuspended in 0.1 ml of HBSS-BSA containing 50 nM FITC-uPA and then incubated for 1 h at 4°C before extensive washings, as previously described (2) . Quantitative binding of specific IgG or of FITC-uPA to the surface of the selected viable cells (defined as those remaining negative for labeling with propidium iodide) was expressed as the geometric mean of fluorescence intensity histograms, after background binding provided by nonspecific IgG isotypes or FITC-F(ab)Ј 2 had been subtracted. It has to be noted that cells remained unfixed through the whole procedure, to avoid undesired modifications of the MAb epitope expression due to fixatives.
Immunohistochemical staining for uPAR and HAT in human lung tissue. Normal lung tissue and pulmonary parenchyma with chronic nonspecific inflammatory changes were obtained from patients undergoing pulmonary resection for malignant or inflammatory disease. Specimens were formalin fixed, paraffin embedded, and sectioned into 2-m-thick slices.
Immunohistochemical staining for uPAR and HAT were performed with the EnVision method and kit (Dako). Briefly, lung sections were dewaxed in xylene and rehydrated in descending graded ethanol. For uPAR staining, sections were further subjected to heat-induced epitope retrieval by pressure cooking for 4 min in a 10 mM citrate buffer, pH 6.0. Endogenous peroxidase activity was inhibited by a 20-min incubation of the slides with endogenous enzyme block, followed by an overnight incubation at 4°C with anti-HAT (10 g/ml) or anti-uPAR (IID7, 1/10 dilution of the hybridoma conditioned medium) MAbs, both diluted in antibody diluent. As negative control, the primary antibody was omitted. Slides were then incubated for 30 min at room temperature with a labeled polymer-HRP-Ab, followed by detection of immunocomplexes for 10 min at room temperature using the 3,3Ј-diaminobenzidine chromogenic substrate. Hematoxylin was used for nuclear counterstaining.
Vitronectin-uPAR interaction assay. The capacity of HAT-treated rhuPAR[His] 6 to bind vitronectin was assayed essentially according to a previously reported procedure (30) . Briefly, Maxisorb 96-well plates (Nunc) were coated with 5 g/ml vitronectin in PBS (0.1 ml/well) overnight at 4°C and then saturated with 1% BSA in PBS (PBS-BSA, 0.2 ml/well) for 1 h at room temperature. Wells then received 5 nM uPA together with 10 nM rhuPAR[His] 6 , which has been previously exposed (concentration of 20 nM) to 10 -500 nM HAT (E/S of 0.5/1 to 25/1) for 30 min at 37°C, before HAT was blocked with benzamidine or left unexposed to the proteinase. All reactants were made in PBS-BSA (0.1 ml/well), and incubation continued for 1 h at 4°C. After washings in PBS containing 0.1% (vol/vol) Tween 20, wells were probed for bound rhuPAR[His] 6 using either the His-Probe antibody (against the [His]6 tag) or the R2 or the R4 MAbs (both against D3) at 2 g/ml, followed by a HRP-coupled anti-IgG antibody at a 1/1,000 dilution. The immune complexes were then quantified through a colorimetric assay for HRP activity with the use of the chromogenic substrate 3,3Ј,5,5Ј-tetramethylbenzidine (KPL, Gaithersburg, MD). After acidification of the medium, optical density in wells was measured at 405 nm in an ELISA plate reader. Vitronectinbound uPAR was calculated by substracting the background optical density measured in wells that did not receive rhuPAR[His] 6 and expressed as the percentage of the binding measured with the untreated rhuPAR[His] 6. Expression of data. Results are expressed as means Ϯ SE for the indicated number of experiments or measures performed independently. Statistical significance between the different values was analyzed with the Student's t-test with a threshold of P Յ 0.05.
RESULTS
Soluble HAT cleaves h-uPAR after arginine residues in the D1-D2 linker sequence. To assess the direct proteolytic activity of HAT on uPAR, the recombinant form of the human receptor rhuPAR[His] 6 was exposed to increasing concentrations of the recombinant, soluble form of the proteinase, and molecular species thus generated were analyzed by immunoblotting after electrophoretic separation was performed under disulfide bond reducing conditions, using a panel of domain-specific antiuPAR antibodies (Fig. 1 ). This approach indicated that the full-length, three-domain rhuPAR[His] 6 (molecular mass ϳ58 kDa), recognized both by the anti-D1 (3931) and the anti-D2 (3932) MAbs, progressively disappeared with increasing concentrations of HAT applied for 30 min, whereas two major molecular species were produced. On the basis of their mass and antigenic reactivity (27) , these fragments corresponded to the truncated D2D3 species (ϳ43.5 kDa, recognized by the anti-D2 MAb only; Fig. 1A ) and to the free D1 domain (ϳ19 kDa, recognized by the anti-D1 MAb only; Fig. 1B) , respectively, and reflected the cleavage of rhuPAR [His] 6 between the D1 and D2 domains, which could be already observed for HAT concentrations as low as 10 nM (E/S of 0.5/1). For HAT concentrations higher than 100 nM, a further degradation of the free D1 domain was noted (Fig. 1B) , whereas the D2D3 species resisted further endoproteolysis up to 500 nM HAT (Fig. 1A) . Cleavage of rhuPAR[His] 6 into the D1 and D2D3 species could be seen as early as 5 min after exposure to 75 nM HAT (E/S of 4/1) and was similarly observed when proteins were analyzed with intact intradomain disulfide bonds (data not illustrated).
Some proteinases known to cleave the D1-D2 linker sequence have been shown to also target the carboxy-terminal region of uPAR, as judged by the removal of the polyhistidine epitope and abrogation of the immunoblot labeling of the intact uPAR and D2D3 species with the anti-[His] 6 antibody (2, 3). We thus examined whether HAT was similarly active on the carboxy-terminal region of uPAR. Despite the efficient conversion of the full-length molecule into the truncated D2D3, HAT-treated rhuPAR[His] 6 showed a rather similar reactivity whether probed with the anti-D2 or the anti-[His] 6 antibodies (compare Fig. 1A and Fig. 1C ), suggesting that, in contrast to its marked proteolytic efficacy on the D1-D2 linker region, HAT up to 500 nM has a poor capacity to target the carboxyterminal region of domain D3 in suPAR.
Determination of the peptide bonds targeted by HAT within the uPAR D1-D2 linker sequence was approached through amino-terminal sequencing of the truncated D2D3 species generated through exposure of rhuPAR[His] 6 to HAT (E/S of 1/200), revealing two amino-terminal sequences, AVTYSR and SRYLE, corresponding to cleavage of rhuPAR[His] 6 by HAT after arginine (Arg) 83 and Arg 89 , respectively (27) . Soluble HAT cleaves domain D1 from membrane uPAR on human bronchial epithelial and monocytic cells. Because the airway epithelium is one site of expression of uPAR in the human respiratory tract (Ref. 8 , and see below), we next evaluated the capacity of HAT to interact with epithelial membrane uPAR using confluent monolayers of the 16HBE bronchial epithelial cell line (9), a nontumor cell line that constitutively expresses the receptor (3). It must be noted that, although bronchial or small airway human epithelial cells in primary cultures express HAT mRNA (22) , as expected from the in situ detection of the protein in the human airway epithelial lining (Ref. 37 , and see below), established bronchial human cell lines maintained in culture do not (22) . We observed that this also applied to the 16HBE cell line (data not shown). Because the 27-kDa HAT species has been identified as a major soluble trypsin-like proteinase present and active in the airway extracellular fluids of patients with chronic inflammatory diseases (21, 40, 41) , experiments on uPAR-expressing 16HBE cells were thus conducted with the recombinant soluble HAT. Exposure of surface biotin-labeled 16HBE monolayers to exogenous HAT provided evidence for the occurrence of a specific, limited cleavage of membrane uPAR in the D1-D2 linker sequence (Fig. 2) . With anti-D2 3932 MAb for immunoblotting of the isolated biotinylated membrane proteins, HAT was indeed shown to induce a proteolytic transition from the full-length membrane D1D2D3 species (ϳ63 kDa) to the truncated D2D3 species (ϳ49.5 kDa), which was found to accumulate in the cell plasma membrane up to the highest HAT concentration tested (Fig. 2A) . Immunoblot analysis coupled to quantitative ELISA applied to the extracellular fluids recovered from cell monolayers exposed to the proteinase showed no evidence of release of suPAR, unless cells were exposed to HAT concentrations Ն100 nM, for which only traces of soluble D2D3 species could be detected (Fig. 2B) , amounting to 0.75 Ϯ 0.1 ng/ml antigenic suPAR after exposure to 500 nM HAT for 30 min, compared with 0.35 Ϯ 0.01 ng/ml suPAR measured in the extracellular fluids of control nontreated monolayers (Fig. 2C) . This clearly contrasted with the effects of PI-PLC, which was found to release larger amounts of antigenic suPAR, i.e., 3.5 Ϯ 0.7 ng/ml (Fig. 2C) . It must be noted that PI-PLC, which hydrolyzes GPI structures between the inositol phosphate ring and the diacylglycerol moiety (27) , released all the uPAR species initially present at the surface of the 16HBE monolayers, i.e., the major three-domain uPAR and traces of truncated D2D3, without evidence for increased D1 shedding, as opposed to HAT. An important feature in our data is that none of the anti-D1 MAbs available for the present study could detect soluble D1 in the extracellular fluids, likely due to a further degradation of this domain after its shedding from the cell membrane (data not shown). Truncation of uPAR with removal of D1 could be already observed at 15 min of exposure of the cell monolayers to 150 nM HAT, whereas it was suppressed when the proteinase was added together with the Ser proteinase inhibitor benzamidine (data not shown).
Interestingly, it appeared that the soluble recombinant form of uPAR already showed an extensive cleavage of domain D1 for HAT concentrations (i.e., 10 -50 nM) lower than those required to initiate removal of D1 from membrane uPAR (compare Fig. 1A to Fig. 2A ). To validate this assumption on a soluble form of uPAR actually shed from a cell surface, the three-domain suPAR released from 16HBE cell monolayers by PI-PLC (see Fig. 2B ) was further exposed to 50 -500 nM HAT. As illustrated in Fig. 2D , exposure of this suPAR to 50 nM HAT already resulted in an extended removal of D1, which was nearly complete with 100 nM of the proteinase, thus confirming that the soluble receptor exhibits a higher susceptibility for cleavage of the D1-D2 linker sequence than membrane uPAR.
During lung inflammation, monocytes and macrophages recruited in the airways represent yet another major uPARexpressing cell type (32) , which can equally be exposed to soluble HAT. Flow immunocytometry analysis allowed us to evaluate the structural status of membrane uPAR on exposure of macrophage-like, differentiated monocytic U937 cells to the proteinase. Thus 10 -500 nM HAT decreased the binding of the anti-D1 MAb 3931, resulting in a maximal reduction of 70 Ϯ 10% compared with the binding on cells unexposed to the proteinase, whereas the binding of the anti-D2 MAb 3932 remained unchanged or even slightly increased (Fig. 3A, left) , as was the binding of a MAb directed at the CD11b/␣ M integrin subunit taken as a further control for the specificity of the effect of HAT on D1 expression (data not shown). A similar specific decrease in expression of the D1 domain was confirmed on freshly isolated peripheral blood human monocytes exposed to soluble HAT (Fig. 3A, right) . As previously noted (2), exposure of differentiated U937 cells to PI-PLC resulted in an ϳ50% reduction in binding of all anti-uPAR MAbs. Similar to what was observed with epithelial cells, immunoblotting analysis of biotinylated membrane proteins extracted from U937 cells exposed to HAT indicated a decreased expression of the intact membrane D1D2D3 form of the receptor (ϳ61 kDa), whereas a truncated D2D3 species (ϳ43 kDa) accumulated at the cell surface (Fig. 3B, top left) . In parallel, immunoblotting analysis and quantitative ELISA performed on the extracellular fluids showed a very limited shedding of the membrane D2D3 species formed on cell exposure to 500 nM HAT (Fig. 3B,  bottom left) , which released 6.7 Ϯ 1.7 ng/ml antigenic suPAR to be compared with 1.3 Ϯ 0.2 ng/ml measured in the extracellular fluids of control monolayers, whereas much larger amounts of suPAR (i.e., 92 Ϯ 2.4 ng/ml) were detectable after exposure of cells to PI-PLC (Fig. 3B, right) .
Coexpression of membrane HAT and uPAR in transfected human epithelial cells results in shedding of the D1 domain.
The epithelial HEK cell line, which constitutively expresses neither HAT nor uPAR at the mRNA and at the protein level (Ref. 38 , and data not shown), was used to establish a cellular model of transient cotransfection and coexpression of both transmembrane HAT and GPI-anchored human membrane uPAR, to evaluate the capacity of HAT to alter the structure of the receptor when both are present at the surface of the same cell population. Immunoblotting analysis of HAT-transfected HEK cell lysates with a polyclonal anti-HAT antibody revealed the presence of HAT with a mass of ϳ46 kDa (data not shown), corresponding to that expected for the full-length transmembrane form of HAT (39) . When cells were transfected for expression of uPAR alone and were surface biotinylated at the end of the 24-h culture period, immunoblotting analysis after separation of biotinylated membrane proteins revealed a pattern of membrane uPAR expression similar to that observed in cells constitutively expressing this receptor, i.e., a predominant full-length, three-domain uPAR (ϳ68 kDa), reacting with both the anti-D2 MAb 3932 and the anti-D1 MAb 3931 (these latter data not shown), along with a minor truncated D2D3 species (ϳ52 kDa) only reacting with the anti-D2 MAb (Fig. 4A, lane uPAR/EF4 ). It has to be noted that traces of membrane D2D3, as well as some low levels of uPAR shedding, are a common feature of many cell types maintained in culture (25) (see lanes and histograms labeled NT in Fig. 2 , A and C, and in Fig. 3B for 16HBE and U937 cells, respectively). These events may arise through the activity of minute amounts of uPA, plasmin, and/or MMP endogenously produced during cell culture (1, 3, 12) . Most importantly, coexpression of HAT and uPAR in cultured HEK cells resulted in an extensive shedding of domain D1 from the cell membrane, as shown by a shift from full-length membrane uPAR to a now major truncated membrane D2D3 species (Fig. 4A , lane uPAR/ HAT), whereas immunoblotting analysis of the extracellular fluids using the anti-D1 MAb revealed the presence of some shed D1 domain (ϳ18 kDa), which was undetectable in the fluids of HEK monolayers transfected with uPAR alone (Fig.  4B , compare lanes uPAR/HAT and uPAR/EF4). Finally, coexpression of uPAR with an enzymatically inactive variant of transmembrane HAT, bearing a Ser 368 -to-Ala mutation at the catalytic site, resulted in an essentially uncleaved pattern for membrane uPAR similar to that observed in cells not transfected with HAT, with no detectable shedding of D1 (Fig. 4, A  and B, lanes uPAR/HAT-SA) . Measurement of HAT enzymatic activity in the various fractions indicated that it was below the Fig. 4 . Membrane coexpression of HAT and uPAR in the human embryonic kidney epithelial cell line 293T (HEK cells) results in shedding of the D1 domain. Epithelial HEK cells were cotransfected with both a plasmid vector encoding for human uPAR and either an empty plasmid vector (uPAR/EF4), a plasmid vector encoding for an enzymatically active HAT (uPAR/HAT), or an inactive HAT bearing a point Ser 368 to Ala mutation in its catalytic site (uPAR/HAT-SA). Cells were grown in culture for 24 h in fresh medium in the presence of 10% FCS, before they were separated from the extracellular culture fluids, surface biotinylated, and solubilized. Biotinylated membrane proteins (A) or extracellular culture fluid proteins (B) were separated by SDS-PAGE under reducing conditions and immunoblotted with the anti-D2 3932 MAb (0.5 g/ml; A) or the anti-D1 3931 MAb (1 g/ml; B) . Note that, in B, some bovine serum proteins, mostly albumin, were nonspecifically labeled by the secondary, horseradish peroxidase (HRP)-coupled antibody. detection threshold (Ͻ0.1 nM) in all of the extracellular culture fluids and in the lysates of HEK cells transfected with inactive HAT and/or with uPAR, whereas it amounted to ϳ1 nM (mean of 2 determinations) in the lysates of HEK cells transfected for active HAT expression, with or without uPAR.
HAT and uPAR are both expressed in the human airway epithelium. To ascertain the (patho)physiological relevance of the epithelial HAT/uPAR coexpression model described above, we examined normal and inflamed lung tissue sections for HAT and uPAR expression by immunohistochemistry (Fig.  5) . When normal airway sections were probed with a specific MAb raised against uPAR, the bronchial epithelium showed very faint staining, whereas uPAR was significantly expressed in the inflamed bronchial epithelium (compare Fig. 5, A and  D) . Note that, in both patho(physio)logical situations, alveolar macrophages and/or inflammatory cells showed a prominent staining. Regarding HAT-specific staining, we observed a diffuse, apically enhanced staining of the bronchial epithelial cells in both normal and inflamed lung tissues (Fig. 5, B and E) . These data thus confirmed that uPAR and HAT are both expressed in human bronchial epithelium in vivo.
HAT disrupts uPAR interaction with its major ligands urokinase and vitronectin. Because domain D1 in uPAR has been reported to be mandatory for the high-affinity interactions of the receptor with its ligands uPA and vitronectin (4, 27, 28), we next investigated the capacity of the cellular uPAR or suPAR to interact with the ligands after its exposure to HAT.
For this purpose, we first monitored by flow cytometry analysis the impact of HAT on the binding of FITC-uPA to differentiated U937 cells (Fig. 6A) . Exposure of cells to the proteinase resulted in a HAT concentration-dependent reduction in the capacity to bind uPA, which could be significantly observed with HAT as low as 50 nM, reached a maximal inhibition of 85 Ϯ 3% (n ϭ 4), and appeared to be closely associated with a decreased membrane expression of the D1 domain, as judged through the reduced binding of the anti-D1 MAb 3931.
We then assayed the capacity of rhuPAR[His] 6 to bind to vitronectin-coated microplates through an ELISA-type procedure and found, as previously reported (30) , that the interaction of suPAR with immobilized vitronectin was strictly dependent on the presence of uPA (data not shown). Exposure of rhu-PAR[His] 6 to increasing concentrations of HAT before the assay induced a drastic decrease, up to ϳ95%, in the binding of suPAR to vitronectin, as judged through the immunodetection of bound uPAR using an antibody directed at the carboxyterminal [His] 6 tag (Fig. 6B, top) . Abrogation of binding of rhuPAR[His] 6 to vitronectin was concomitant with its cleavage in the D1-D2 linker sequence and the appearance of the D2D3 species, as evaluated by immunoblotting with an anti-D2 MAb (Fig. 6B, bottom) . It must be noted that, when probed with either of two MAbs, R2 and R4, reacting with different epitopes internal to the D3 domain, binding of rhuPAR[His] 6 to vitronectin was similarly decreased up to 98% Ϯ 1% (n ϭ 4) after exposure to 500 nM HAT.
DISCUSSION
Besides their implications in beneficial immune defense and repair processes, extracellular proteinases can also be highly deleterious to tissues and organs through uncontrolled production and/or activity and can lead or participate to pathogenic inflammatory processes, particularly within the lungs (6, 13, 19, 23, 26, 36) . Recently, the respiratory epithelium has been identified as a major source of proteinases (26, 36) , including a trypsin-like Ser proteinase such as HAT (40) . Although HAT is a typical member of the membrane-associated type II transmembrane Ser proteinase family with a mass of ϳ47 kDa (35, 39) , a significant HAT-related activity can be detected in the extracellular airway fluids of patients with chronic airway inflammatory diseases, particularly in patients with asthma (21, 40, 41) . In these fluids, HAT actually exist as a 27-kDa soluble enzyme, which accounts for most, if not all, of the measurable trypsin-like enzymatic activity (21, 40, 41) . To date, data are scarce regarding the molecular mechanism that allows the proteolytic shedding of the 27-kDa HAT catalytic domain from the membrane-tethering domain (39) . Similarly, there is little information about the regulation of expression and activity of membrane-bound HAT, except that an inflammatory environment can upregulate HAT epithelial expression (14) . However, recent evidence supports the assumption that HAT might play an important role in respiratory homeostasis during the inflammatory response, since its capacity to degrade fibrinogen, to activate pro-uPA, and to activate membrane receptors such as PAR-2 (22, 41) suggests that HAT may both participate in the control of fibrin deposition and modulate the behavior of inflammatory cells in the airways (7, 21, 22) . Identification of proteins, particularly membrane receptors, which are targets for this new Ser proteinase, should thus help to delineate the role of HAT in (patho)physiological processes in the respiratory tract.
In this regard, we have now demonstrated that HAT interacts with both soluble and membrane forms of uPAR and produces limited endoproteolysis of this receptor, as expressed by human bronchial epithelial cells and monocytes and macrophages. uPAR is now recognized as a key element in (patho)physiological processes involving cell migration and tissue remodeling, particularly during the host inflammatory response to infections (4, 24) . Because this protein 1) is expressed in all cell types involved in lung inflammation, 2) is a multiligand binding protein interacting with partner molecules such as uPA, integrins, and vitronectin, and 3) is a proteolytically regulated receptor (4, 13, 25) , the activity of HAT on this ubiquitous receptor could be of major biological relevance, through many impacts on uPAR pleiotropic functions.
Regarding the interaction of HAT with uPAR, a number of major features emerge from our studies. First, soluble HAT efficiently cleaves the linker sequence separating domains D1 and D2 in uPAR. As for uPA and plasmin (3, 12, 27) , and in agreement with its known trypsin-like activity (40) , HAT targets two peptide bonds in D1-D2 with an Arg residue at the P1 position, i.e., Arg 83 -Ala 84 and Arg 89 -Ser 90 . This cleavage appears to occur even more readily (i.e., at lower HAT concentrations) on suPAR than on the GPI-anchored membrane uPAR. It is well established that the GPI moiety per se, and/or its membrane microenvironment, influences the overall conformation of GPI-linked membrane proteins and presentation of antigenic epitopes or of cleavage sites (5) and uPAR and its D1-D2 linker sequence are exemplary in this regard (1, 12) . Indeed, it has been observed that uPA is more efficient in the cleavage of the D1-D2 sequence when it is presented in the context of the GPI-linked uPAR as opposed to the suPAR devoid of the GPI moiety (12) , whereas HAT appears to have the opposite property (this study); plasmin shows an equal high efficiency for cleavage of D1-D2 in soluble or membrane uPAR (3, 12) . Similarly to uPA (3) , HAT also appears to be poorly active on the carboxy-terminal domain of uPAR and thus has very little capacity to release suPAR, as opposed to plasmin, which is highly efficient in releasing D2D3 species through cleavage of Arg 281 -Ser 282 at the carboxy terminus of D3 (3). Altogether, this indicates that, despite their common primary trypsin-like proteinase specificity with preferential cleavage following Arg residues, more complex molecular mechanisms, yet to be identified, determine the interactions of these proteinases with uPAR. Finally, we established that, although soluble HAT may have the capacity to transregulate the structure of uPAR in juxtacrine and/or paracrine manners on nearby epithelial or leukocytic cells, membrane-associated HAT appears to be endowed with the same capacity toward uPAR coexpressed in epithelial cells. This autocrine activity appears to be highly efficient in shedding domain D1 from the surface of the cells, and these data represent so far the first demonstration that membrane-associated HAT can exert its proteinase activity on proximal membrane substrates.
Cleavage of uPAR by soluble HAT occurs in vitro for enzyme concentrations compatible with those actually detected in human pathological airway extracellular fluids (e.g., sputa), which are in the range of 5-100 nM (21, 41) . These concentrations are clearly sufficient to produce the cleavage of the D1 domain from suPAR, whereas they are at the lower range for shedding of D1 from membrane uPAR. However, sputum is likely to be a somehow diluted milieu in the airways, and thus one could expect that the local concentrations of HAT, in the immediate vicinity of epithelial cells producing the proteinase, are higher than the concentrations in sputa. Obviously, HAT is one of many proteinases present in pathological airways (19, 23, 26, 36, 41) and which can be active on uPAR. Indeed, among those proteolytic systems, we and others previously showed that the uPA/plasmin/MMP cascade on one hand and the neutrophil elastase/cathepsin G combination on the other hand can alter uPAR by cleavage in the D1-D2 linker sequence and/or at the D3 carboxy terminus (1-3, 12) , when proteinases are present in a range of concentrations similar to that observed for HAT, i.e., ϳ10 -500 nM (2, 3, 12) . However, some features plead for a peculiar role for HAT: 1) it is poorly inhibitable by either ␣ 1 -proteinase inhibitor or secretory leukocyte proteinase inhibitor at the concentrations that these natural anti-proteinases can reach in the airways (40) ; 2) in some pathological airway extracellular fluids, this proteinase makes the only detectable trypsin-like activity (21, 40) , which can furthermore represent a higher proteolytic burden compared with the leukocyte elastase activity (41) , and 3) coexpression of membrane-associated HAT and uPAR appears to lower to the nanomolar range the HAT concentrations active on uPAR. Furthermore, we have now demonstrated the coexpression of uPAR and HAT in the human bronchial epithelium, particularly in inflamed tissues. Indeed, although uPAR was reported to be absent from the normal bronchial epithelium in mice (33) , it is expressed (albeit at low levels) in the human normal bronchial epithelium (Ref. 8 , and this study). Interestingly, uPAR expression is significantly increased in inflamed bronchial epithelium (Ref. 8 , and this study), including that of asthmatic patients (8) , whose airway secretions are also particularly enriched for soluble HAT (41) . Altogether, these observations thus support the potential for autocrine-juxtacrine interactions between uPAR and HAT in the airways and strengthen the assumption that HAT may be an effector on uPAR structure and functions in in vivo settings, albeit the (patho)physiological role(s) of uPAR cleavage in the lung remain yet to be characterized.
Interplay between HAT and the fibrinolytic system has already been established, since HAT can activate pro-uPA (22) whereas its fibrinogenolytic activity impairs the formation of fibrin clots (41) . From the results reported in the present study, i.e., that cleavage of membrane uPAR by HAT drastically reduces the capacity of cells to bind uPA, we now propose that a persistent exposure of cells to concentrations of HAT similar to those expected in an inflammatory context (21, 41 ) may result in a depressed pericellular plasminogen/MMP activation cascade. Furthermore, and although intact suPAR has been shown to retain the ability to bind uPA and to initiate plasminogen activation on cells or ECM through binding of the uPAR/uPA complexes to vitronectin (28) , our observation that HAT is particularly active on suPAR for removal of D1 and for abrogation of the suPAR/uPA/vitronectin trimolecular interactions thus strengthens the proposal for HAT as a regulator of the plasminogen/MMP activation.
The observation that cleavage of uPAR by HAT prevents interactions of the receptor with vitronectin may then have other cellular implications. Vitronectin is indeed a major component of the fibrin-rich provisional ECMs that form during the early stages of inflammation in many organs, including the lungs, and is suggested to promote adherence and spreading both of fibrinolytic leukocytes in the areas where fibrin deposits accumulate and must be tightly controlled (32) and of epithelial cells during repair and healing (16) . Because uPAR is, together with some integrin-type adherence receptors, a major cell binding site for vitronectin (28) , the disruption of uPAR-uPA-vitronectin interactions as a result of HAT activity could thus participate in the processes, whether normal or pathological, of ECM remodeling and epithelium regeneration. In parallel, other routes for HAT to modulate the inflammatory response in the airways via uPAR cleavage and D1 shedding may include 1) the regulation of the physical and functional association of uPAR with integrins during cell adherence and migration (15, 25) , 2) the exposure or disruption of the chemotactic epitope located over the sequence Ser 88 -Tyr 92 within the D1-D2 linker sequence of uPAR, and which is active on various inflammatory cells (4), and 3) the control of airway epithelial cell proliferation triggered by binding of uPA to uPAR (29) . Altogether, the regulation of uPAR by HAT during inflammatory airway disorders could certainly have a strong impact on leukocyte and epithelial cell recruitment and activation and thus on repair and healing after tissue injury (4, 6, 13, 24) . The future availability of animal models of HAT deficiency or overexpression, as well as a better knowledge of the biology of this new epithelial proteinase, including identification of specific endogenous inhibitors, should further help clarifying its role(s) in respiratory physiology and pathology. a fellowship from the Ministère de la Recherche (France) and from the Alexander von Humboldt Foundation (Germany) (N. Beaufort).
